Genomic DNA methylation maps (methylomes) encode genetic and environmental effects as stable chemical modifications of DNA. Variations in DNA methylation, especially in regulatory regions such as promoters and enhancers, are known to affect numerous downstream processes. In contrast, most transcription units (gene bodies) in the human genome are thought to be heavily methylated. However, epigenetic reprogramming in cancer often involves gene body hypomethylation with consequences on gene expression. In this study, we focus on the relatively unexplored phenomenon that some gene bodies are devoid of DNA methylation under normal conditions. Utilizing nucleotide-resolution methylomes of diverse samples, we show that nearly 2000 human genes are commonly hypomethylated. Remarkably, these genes occupy highly specialized genomic, epigenomic, evolutionary and functional niches in our genomes. For example, hypomethylated genes tend to be short yet encode significantly more transcripts than expected based upon their lengths, include many genes involved in nucleosome and chromatin formation, and are extensively and significantly enriched for histone-tail modifications and transcription factor binding with particular relevance for cis-regulation. Furthermore, they are significantly more prone to cancer-associated hypomethylation and mutation. Consequently, gene body hypomethylation represents an additional layer of epigenetic regulatory complexity, with implications on cancer-associated epigenetic reprogramming.
INTRODUCTION
DNA methylation is a stable epigenetic marker deeply implicated in the regulation of gene expression, development and disease. Numerous studies on DNA methylation have established that the majority of Cytosine-phosphateguanine (CpGs) in the human genome are heavily methylated ((1,2) and others). Short stretches of CpGs that are devoid of DNA methylation are concentrated in regulatory regions, such as enhancers and promoters (3) (4) (5) . Because most CpGs are heavily methylated, and hypomethylation of specific CpGs are frequently implicated in regulatory processes, DNA methylation studies often address the mechanisms and consequences of hypomethylation at specific CpGs.
In this paper, we focus on DNA methylation of transcription units ('gene bodies'). In the human genome, gene bodies are typically extensively methylated (4, 6) . Interestingly, methylated gene bodies are not necessarily associated with repressive chromatin states (6) (7) (8) (9) (10) . In contrast to the inhibitory role of DNA methylation near transcription start sites (TSS), methylation of gene bodies often align with active transcription (6) (7) (8) (9) (10) , a phenomenon referred to as the 'DNA methylation paradox' (11) . In general, the functional roles of gene body DNA methylation are still being debated (4, 6, 12, 13) . There is some evidence that gene body DNA methylation affects splicing, and hence methylation of specific positions within gene bodies may directly confer splicing signals (14, 15) . Analyses of empirical data support the notion that gene body DNA methylation may also suppress cryptic promoters encoded within transcription units (12, 16) . Other data suggest that gene body DNA methylation is a mechanistic consequence of chromatin accessibility levels of DNA to methylation enzymes (6) .
Interestingly, it has been observed that many gene bodies 'lose' DNA methylation and become hypomethylated in cancer (17) (18) (19) . Cancer-associated hypomethylation of gene bodies was shown to be associated with reduced transcription compared to normal cells (18) . In some cases, gene body hypomethylation has been directly and casually linked to the alterations of gene expression in cancer (20) . Furthermore, some regions appear to be consistently hypomethylated in different cancer methylomes, indicating that there may exist potentially common underlying mechanisms for cancer-associated hypomethylation (18) . Thus, understanding how gene body hypomethylation is regulated will contribute to our knowledge of the epigenetic reprogramming in cancer.
In this paper, we focus on the intriguing yet little understood phenomenon that some genes exhibit hypomethylation in normal cells. Singer et al. (21) analyzed DNA methylation data of a human fibroblast cell line and primary B-cells and demonstrated that a number of exons were hypomethylated in these cells. Keller et al. (22) have shown that a substantial number of gene bodies in the human genome were hypomethylated in the muscle tissue and that hypomethylated gene bodies were present in many vertebrate genomes. In addition, hypomethylated exons were enriched in various histone modification signatures (21) . These observations indicate that hypomethylation of gene bodies may represent yet another layer of epigenetic regulatory complexity that is currently underappreciated.
As a first step toward elucidating mechanisms of gene body hypomethylation, we examined nucleotide-resolution whole genome DNA methylation maps (methylomes) of diverse human tissues. We show that a substantial number of gene bodies are hypomethylated in these normal tissues. Remarkably, these body-hypomethylated genes exhibit extremely unique genomic, functional and evolutionary features compared to the rest of genes in the human genome. Moreover, hypomethylated genes in normal human tissues are significantly over-represented in those that undergo cancer-associated hypomethylation. These results indicate that body-hypomethylated genes occupy a unique epigenetic niche within the human genome and that their regulation may share pathways involved in cancer-associated hypomethylation.
MATERIALS AND METHODS

Identification of body-hypomethylated genes
We analyzed the University of California Santa Cruz (UCSC) hg38 known transcript table using the R (http://www.r-project.org/) Bioconductor TxDb.Hsapiens.UCSC.hg38.knownGene annotation package. We identified the longest transcript for each autosomal gene and discarded overlapping transcripts to avoid the inclusion of promoter regions of genes overlapping with gene bodies of other genes. The whole genome bisulfite sequencing (WGBS) data are from ovary, sperm, placenta, embryonic stem cell, colon, liver, adrenal gland, B-cell, neuron and hair follicle (10, (23) (24) (25) (26) (27) (28) (29) . To avoid the inclusion of regulatory regions, which are typically hypomethylated, we excluded 100 bp downstream the TSS of each gene. In addition, we only considered genes with at least five mapped CpGs in the whole genome bisulfite data set, used by Mendizabal and Yi (5). The mean sequencing depth ranged between 14 and 63, with more than 81% of total CpGs in the genome are analyzed in all samples (Supplementary Table S1 ). From the whole genome methylome data, CpGs whose fractional methylation levels were below 0.2 (i.e. up to 20% of reads indicated methylation) were defined as 'hypomethylated'. These sites are similar to those previously classified as unmethylated or hypomethylated in (26, 30) or sparsely methylated in (5) . We consequently defined genes whose average methylation level is below 0.2 as hypomethylated gene bodies. Out of the 17 423 genes included in the analyses, we identified 1799 genes with a hypomethylated gene body in at least one tissue, and 469 genes with consistent hypomethylation in all tissues analyzed.
Gene ontology and gene family enrichment analyses
Gene ontology (GO) enrichment analyses were performed with the GOstats R package using P < 0.05 with a hypergeometric test and correcting for multiple testing using a false discovery rate (FDR) of 5%. Following the classification of human genes on 1011 gene families from The HUGO Gene Nomenclature Committee (HGNC) (http:// www.genenames.org/cgi-bin/genefamilies/), we tested overrepresentation of hypomethylated genes at these gene categories. In particular, the frequency of hypomethylated genes in each family was compared with the frequency of hypomethylated genes in the whole human gene set. We tested overrepresentation using one-tailed hypergeometric test (31) , and corrected for multiple testing via FDR at 0.05 level. We only show gene families with at least five observations at the hypomethylated gene list and at least one observation at constitutively hypomethylated gene list.
TSS, expression, chromatin modification and transcription factor binding sites analyses
We analyzed cap analysis of gene expression (CAGE) experiment data for the B-cell line sample (RPMI1788) from the FANTOM5 consortium data set (32) using the FANTOM5humanSamples R Bioconductor package. Expression data were obtained from RNAseq Atlas (http: //medicalgenomics.org/rna seq atlas/download) for the following tissue types: adipose, colon, heart, hypothalamus, kidney, liver, lung, ovary, skeletal muscle, spleen and testes.
We analyzed ChIP-Seq experiments of six chromatin marks (H3K4me1, H3K4me3, H3K9me3, H3K27me3, H3K36me3 and H3K27ac) from 97 samples from Roadmap Epigenomics Consortia (from http://egg2.wustl.edu/ roadmap/data/byFileType/alignments/consolidated/). For each gene, we computed the proportion of the gene body length occupied by peaks corresponding to each chromatin mark ranging from 0 to 1 (0 meaning 0 bp out of the total gene body length was occupied by peaks, and 1 means 100% of gene length overlapped with histone modification peaks). Then, we subtracted the values of hypomethylated genes to those of other genes, obtaining values ranging from −1 to 1 (−1 meaning the mark is present in 100% of body gene length in other genes and 0% in hypomethylated genes, and 1 meaning the mark is present in 100% of gene length at hypomethylated genes and 0% in other genes).
Transcription factor binding data from ChIP-seq experiments was obtained from the ENCODE project (33) , including 161 transcription factor (TFs) and 91 cell types (wgEncodeRegTfbsClusteredV3 table in UCSC). For each gene we computed the gene body per base transcription factor binding site as the number of base pairs occupied by peaks at ChiP-seq experiments divided by the total gene body length. We used this value to examine the relationship between gene body methylation and gene body transcription factor binding. To take into account potential confounding effects of other variables, we used a linear model incorporating eight additional factors (protein connectivity, gene expression levels, gene expression tissue-specificity, gene UTR length, gene intron length, intron number, solvent accessibility and disorder content) obtained from (34) .
Cancer hypomethylation analysis
We examined gene body methylation patterns in cancer using the MethHC database (35) (http://methhc.mbc. nctu.edu.tw/php/index.php) that systematically integrates methylation data from The Cancer Genome Atlas. Specifically, we examined 18 different cancer types: bladder urothelial carcinoma (blca), breast invasive carcinoma (brca), cervical squamous cell carcinoma and endocervical adenocarcinoma (cesc), colon adenocarcinoma (coad), head and neck squamous cell carcinoma (hnsc), kidney renal clear cell carcinoma (kirc), kidney renal papillary cell carcinoma (kirp), liver hepatocellular carcinoma (lihc), lung carcinoma (luad), lung squamous cell carcinoma (lusc), pancreatic adenocarcinoma (paad), prostate adenocarcinoma (prad), rectum adenocarcinoma (read), sarcoma (sarc), skin cutaneous melanoma (skcm), stomac adenocarcinoma (stad), thyroid carcinoma (thca) and uterine corpus endometrial carcinoma (ucec). For each of these cancer types, we analyzed the top 250 hypomethylated genes, 250 hypermethylated genes and 250 of the most differentially methylated genes as identified in the database.
We downloaded the Catalogue of Somatic Mutations in Cancer (COSMIC) v79 database from http://cancer.sanger. ac.uk/cosmic. We only considered 1 983 856 mutations identified in whole-genome and whole-exome sequencing projects that are also predicted to be pathogenic according to FATHMM prediction (36) .
Evolutionary analyses
The rate of human-mouse synonymous versus nonsynonymous substitutions (dN/dS) per were obtained from Ensembl using biomaRt R/Bioconductor package (37) . To study the evolutionary age of hypomethylated genes we studied the assigned phylostrata for each gene by DomazetLoso and Tautz (38) . We studied each phylostratum individually and by grouping them in five categories by joining the following phylogenetic levels together: 1-3, categories representing time from before Holozoa split; 4-6, before Bilateria split; 7-10, before Vertebrata split; 11-14, before Mammalia split; and 15-19 thereafter. We reported how the frequency of the hypomethylated genes in every phylostratum compared to the expected frequencies as log-odds ratios following Domazet-Loso and Tautz (38) . Specifically, we used a two-tail hypergeometric test (31) and corrected for multiple testing using a FDR at a 0.05 level. The patterns using 5 grouped categories were mostly consistent between the analyses using 19 ages, with the unique exception of an underrepresentation of hypomethylated genes in age 4 around the Holozoa origins, which was only observed in the original 19 category analyses (Supplementary Figure S7) .
RESULTS
Many gene bodies are hypomethylated in normal human tissues
We examined deep-coverage nucleotide-resolution whole genome methylomes of 10 diverse normal human tissues. These tissues were selected to represent different developmental stages (embryonic stem cells, germ cells, fetal and adult somatic tissues) from all three germ layers, as used in (5) (Supplementary Table S1 ). We excluded the first 100 bp downstream of the TSS of each gene and only used gene bodies harboring at least five mapped CpGs to avoid bias due to a small number of CpGs and/or those that reside in promoter CpG islands. Among the 17 423 gene bodies satisfying these criteria, 1799 were nearly devoid of DNA methylation (defined as the mean fractional methylation level < 0.2) in at least one of the 10 tissues ( Figures 1A and B) . We refer to these genes as 'hypomethylated genes' or 'bodyhypomethylated genes' henceforth. The placenta and sperm contain particularly high numbers of unique hypomethylated genes ( Figure 1C) , similar to what has been observed for CpG islands (5) , and also in agreement with earlier studies demonstrating overall hypomethylation of these tissues (39) (40) (41) . Remarkably, we found 469 genes that are hypomethylated in all 10 tissues examined ( Figures 1A and  B ). For convenience, these genes are referred to as 'constitutively hypomethylated genes' henceforth. These genes show similar low-methylation across exons and introns ( Figure  2A ), indicating that hypomethylation is a general feature of these genes. The rest of human genes are referred to as 'other genes' henceforth. Consistent with previous studies (8, 34, 42) , methylation levels of promoters are not necessarily correlated with those of gene bodies, and hypomethylated genes show high heterogeneity of promoter methylation levels (Supplementary Figure S1) .
Distinct genomic features and functional enrichment of bodyhypomethylated genes
Hypomethylated genes are distinct in several genomic aspects compared to other genes. First, they are in average over one order of magnitude shorter compared to the genomic mean gene length, 4.0 kb (±105 bps [SE]) versus 54.3 kb (±780 bps [SE]), respectively (P < 10 −15 by MannWhitney test, Figure 3A ). Constitutively hypomethylated genes are even shorter (mean = 2.45 kb ± 96 bps [SE]). Second, hypomethylated genes have fewer exons compared to the genomic background. For example, only 4% of all genes are single-exon genes, yet 44% of constitutively hypomethylated genes harbor only a single exon. Interestingly, the mean exon length of the hypomethylated genes is longer than that of other genes ( Supplementary Figures S2A and  B) . In addition, body-hypomethylated genes tend to have fewer isoforms (Supplementary Figure S2C) .
However, we also find long genes with multiple exons and alternative transcripts among the list of hypomethylated genes (Supplementary Table S2 is constitutively hypomethylated in all 10 tissues examined ( Figure 2B) . Third, hypomethylated genes tend to be CpGrich compared to other genes when normalized by gene length ( Figure 3B ). For example, compared to the mean density of CpGs in all genes (1.3 CpG/100 bps), CpG density in constitutively hypomethylated genes is 4.7 CpG/100 bps (P < 10 −15 by Wilcoxon test). Intriguingly, the number of tissues where a gene is hypomethylated linearly increases with CpG density (Spearman's rho = 0.43, P < 10 −15 , Figure 3B ). However, not all CpG-dense genes are hypomethylated. For example, among genes with more than 3.5 CpGs/100 bps (corresponding to roughly the top 5% of genes with respect to the relative CpG proportion), 53% of genes are methylated in at least one tissue. Thus, CpG density is not the determining factor of gene body hypomethylation.
Strikingly, a large number of transcription factors associated with developmental regulation are found in the constitutively hypomethylated set of genes. For example, many homeobox genes, as well as genes harboring DNAbinding motifs, such as those with helix-loop-helix DNA binding domains, are found in this list ( Figure 3C , Supplementary Table S2 ). In addition, many histone genes are also hypomethylated ( Figure 3C , Supplementary Table  S2) , indicating an intriguing relationship between DNA hypomethylation and DNA packaging processes. Functional GO analyses supported the association of nucleosome related functions among gene-body hypomethylated genes, including the enrichment of transcriptional regulation (i.e. GO:0001067, GO:0001077) and sequence-specific DNAbinding (i.e. GO:0043565, GO:0001159) processes (Supplementary Table S3 ).
Hypomethylated genes are enriched in non-polyadenylated genes
It is well known that many histone gene transcripts lack poly(A) tails because they are transcribed during the Sphase of cell cycle and not subject to polyadenylation (43) . Since body-hypomethylated genes include a disproportionately large number of histone genes, we investigated if they are associated with a specific cell cycle and lack polyadenylation (similar to histone genes). We used deep sequencing data of adenylated and non-adenylated transcripts from H9 human ESC and HeLa cells (44) for this purpose. Indeed, non-adenylated genes are strongly enriched among hypomethylated genes (Supplementary Figure S3) . More than half of genes without poly(A) tails are found in bodyhypomethylated genes, which is a highly significant enrichment considering that non-adenylated genes account for less than 1% of all genes. In constitutively methylated genes, over 10% (48 genes out of 469) are non-polyadenylated (P < 10 −15 by hypergeometric test). However, most of these nonadenylated constitutively hypomethylated genes are histone genes (e.g. 53 out of 72 non-adenylated genes). Therefore, even though non-adenylated genes are highly enriched in hypomethylated genes, most hypomethylated genes harbor poly(A) tails.
Hypomethylated genes have more transcripts than genomic background when normalized by length
One functional consequence of gene body DNA methylation is the regulation of alternative splicing (14, 15, 45) . Specifically, DNA methylation may 'mark' splicing boundaries to generate alternative transcripts. It is thus possible that hypomethylated genes are those genes that are not alternatively transcribed. On the other hand, according to the idea that gene body DNA methylation suppresses the initiation of spurious transcripts (12, 46) , hypomethylated genes may generate more transcripts than other genes because those intragenic transcripts are not silenced. Thus, the predictions of these two hypotheses can be examined in the context of hypomethylated genes.
We analyzed the number of transcripts by counting the number of TSS as detected by the CAGE method in the FANTOM 5 data set (32) . When all genes are analyzed together, heavily DNA methylated genes indeed harbor a large number of TSS, which could indicate that DNA methylation enables alternative transcription. Hypomethylated genes, on average, have fewer transcripts per gene compared to the genomic background. However, this observation is largely confounded by the fact that hypomethylated genes are short and have fewer exons. In fact, when normalized by gene lengths, hypomethylated genes, on average, encode a greater number of TSS compared to other genes (Figure 3D ). This result supports the idea that gene body DNA methylation suppresses spurious intragenic transcripts (12) .
Enrichment of distinctive histone modifications and transcription factor binding in hypomethylated genes
We examined ChIP-seq experiments of 6 chromatin marks (H3K4me1, H3K4me3, H3K9me3, H3K27me3, H3K36me3 and H3K27ac) at 97 tissue samples from the Roadmap Epigenomics Consortium (10) . We computed the proportion of each gene (normalized by length) occupied by different chromatin marks. We then compared these proportions between hypomethylated genes and the rest of the human genes (Materials and Methods). The results are shown in Figure 4 . Most human genes ('other genes') harbor histone modifications associated with regions of active transcription, such as H3K36me3 and H3K9me3, in agreement with previous studies (47) . In contrast, we found extensive occupancy of several histone modifications, namely, H3K4me3, H3K4me1 and H3K27ac, on the bodyhypomethylated genes (Figure 4) .
Gene body methylation and transcription factor binding at gene promoters show a positive genome-wide association (34) . In contrast, the direct relationship between DNA methylation and transcription factor binding in gene bodies themselves is not well understood yet. We found a very strong negative correlation between gene body methylation and experimentally measured transcription factor binding per base at gene bodies at all 10 tissues analyzed (Supplementary Table S4 ). This correlation held after controlling for other known potential confounders (34) (Supplementary Table S5 ). This result indicates a high level of transcription factor binding activity within hypomethylated gene bodies. Indeed, transcription factor binding sites occupy an extensive proportion of the transcriptional units of hypomethylated gene bodies (median 72% compared to 18% of other genes, Figure 3E ). This result is in line with the active TSS and chromatin mark enrichments found at hypomethylated gene bodies, supporting a regulatory role of those transcriptional units.
Gene bodies hypomethylated in normal tissues are prone to hypomethylation and hypermutation in cancer regardless of tissue origin
Previous studies have documented the cancer-associated hypomethylation of gene bodies occurring in different tumor types (17) . Therefore, we asked whether genes that are bodyhypomethylated in normal tissues are also hypomethylated in cancer samples, and whether these genes are implicated in malignant neoplasms. We analyzed a recently compiled extensive data set of DNA methylation from 18 different cancers from The Cancer Genome Atlas as integrated at the MethHC database (35) . Analyses of these data reveal the following intriguing findings. First, hypomethylated genes in normal tissues also appear as the most hypomethylated genes in the genome for all cancer types studied (overrepresentation at the top 250 most hypomethylated genes, enrichment > 1.76, P < 0.00014, 2 -test, Supplementary Table  S6) . Second, hypomethylated genes are significantly more prone to be differentially methylated between tumor samples versus tissue-matched non-cancerous samples, which was found in 12 out of the 18 cancers analyzed (average enrichment of 3.65, P-value < 0.001 based on 1000 bootstraps, Supplementary Table S7 ). Of note, the majority of the tumor types analyzed have no equivalent tissue in the samples we used to define body-hypomethylated gene in normal conditions, suggesting that the association between gene body hypomethylation and cancer could be even stronger in tissue-matched data sets.
To further explore the relationship between gene body hypomethylation and human cancer, we studied the presence of pathogenic somatic mutations in transcriptional units genome-wide. We analyzed around two million somatic mutations considered pathogenic in cancer and identified in whole-genome and whole-exome sequencing projects and deposited in the COSMIC (47) . Hypomethylated genes harbor significantly higher number of cancerous mutations per base than other genes (P < 10 −15 , Wilcoxon test, Supplementary Figure S4A ). For example, the gene with the highest number of per base pair mutations is a histone gene HIST1H3B, which is constitutively hypomethylated at its gene body, harboring 69 mutations total. Interestingly, these genes accumulate mutations in a lower rate compared to other genes during evolutionary time, as shown by lower synonymous versus non-synonymous substitutions (dN/dS) values (Supplementary Figure S4B) . Therefore, gene body regions of hypomethylated genes seem to evolve under stronger selective constraints than other genes but they tend to accumulate higher number of pathogenic mutations than other genes during somatic cancerous processes.
Hypomethylated gene repertoire has been replenished throughout evolution by the addition of genes in specific functional categories
In distantly related animal genomes, such as those of invertebrates, a large number of genes are body-hypomethylated Nucleic Acids Research, 2017, Vol. 45, No. 8 4397 (22,48,49) . Gene body hypomethylation has also been found in many plant genomes (50) (51) (52) . We recently demonstrated that evolutionarily conserved genes are those that have maintained gene body DNA methylation for a long time, yet many vertebrate genomes still retain body-hypomethylated genes (22) . It also has been shown that many cancer-related genes originated early during evolution (38) . Therefore, we initially hypothesized that hypomethylated genes in the human genome may be those that have originated early in evolution and maintained hypomethylation. To test this hypothesis, we investigated the 'evolutionary age' of genes that records at which time point during evolution a gene has appeared based upon their phylogenetic distribution (38) . In this classification, genes are classified into 19 phylogenetic ages, according to their presence/absence in sequenced genomes. We grouped these 19 phylogenetic stages into five categories to increase statistical power (Materials and Methods).
We found that hypomethylated genes do not primarily consist of those that have avoided DNA methylation during a long evolutionary timescale. Instead, they show a significantly different pattern of evolutionary origins compared to the rest of the human gene pool ( Figure 5 ). Specifically, hypomethylated genes are under-represented in the very early evolutionary stages near the cellular and eukaryotic origins (expected 848, observed 645, Supplementary Table S8) . On the other hand, hypomethylated genes are over-represented in the subsequent evolutionary stages, meaning that the current repertoire of hypomethylated human genes is shaped by an excess of genes added throughout evolution ( Figure  5 ). We examined the functional enrichment of hypomethylated genes in each evolutionary stage compared to genes that originated in the same stage (results in Supplementary  Table S9 ). This analysis revealed intriguing functional enrichment. We found that hypomethylated genes that originated in the early evolutionary stages (encompassing cellular origins, i.e. Holozoan and Bilaterian origins) are significantly overrepresented by GO categories involved in nucleosome and regulation of transcription. For example, the GO:0005667 ('transcription factor complex') is enriched for hypomethylated genes in all three evolutionary stages compared to other genes in those stages. Interestingly, hypomethylated genes that originated near the origin of vertebrates are enriched in immune-related functional categories. Finally, hypomethylated genes that have originated since the origin of mammals are enriched in various biosynthetic and metabolic processes. Notably, five out of six genes with the GO term 'negative regulation of cell growth' (GO:0030308) and that originated in this evolutionary stage are all hypomethylated, representing a highly significant enrichment (FDR-corrected Q-value < 0.05, Supplementary Table S9) .
DISCUSSION
Methylation of gene bodies is one of the most phylogenetically widespread epigenetic mechanisms (48, (53) (54) (55) (56) , yet its role(s) remain debated (4) . In the human genome, most CpGs and gene bodies are heavily methylated, except those that reside in promoters and enhancers. In this paper, we show that in addition to these regulatory regions, gene bodies of many genes are also hypomethylated. The data show that nearly 2000 genes exhibit hypomethylation in at least 1 tissue examined, and 469 gene bodies are consistently hypomethylated. Note that we could only identify these genes using whole genome bisulfite sequencing data. Data generated from array-based methods (which interrogate a limited number of CpGs) or other reduced sampling methods do not offer a comprehensive view of whole genes.
A previous study examining distinctive methylation patterns of exons and introns in the human genome using methylomes from two cell types identified a number of exons classified as hypomethylated (21) . In our study, we provide a whole gene perspective by examining hypomethylation profiles of whole gene bodies (exons and introns) and also across a large number of tissues with distinctive developmental origins. Hypomethylated genes identified in the current study show similarly low-methylation across exons and introns (Figure 2 ). Our study thus expands the complexity of the hypomethylation landscape of the human genome.
We show that body-hypomethylated genes have unique genomic, epigenomic and functional features. Hypomethylated genes tend to be short, harbor fewer exons than the rest of the genome, and they are guanine cytosine (GC)-rich. Some of these characteristics are reminiscent of CpG islands (3, 57) . However, the hypomethylated genes identified here do not typically qualify for CpG islands, which require the continuous presence or 'clusters' of hypomethylated CpGs. In addition, many CpG-rich and short genes are not hypomethylated (Results). Moreover, some hypomethylated genes are long and composed of multiple exons. Furthermore, to avoid any potential bias caused by the inclusion of short, single exon genes with CpG islands as hypomethylated gene bodies, we performed all the analyses again using only multi-exonic hypomethylated genes (n = 1225). Consistently same patterns were found from these analyses (Supplementary Figure S5 and Supplementary Tables S10-S13), indicating that our results are not biased by single exon genes. Moreover, genes harboring hypomethylated promoters are often highly expressed and/or broadly expressed genes (58, 59) . We thus tested if hypomethylated gene bodies exhibit similar expression characteristics using data from RNA-Seq Atlas (60). We do not find evidence that hypomethylated gene bodies encode highly or broadly expressed genes (Supplementary Figure S6) . Together these results indicate that hypomethylated genes are not equivalent to CpG islands. Rather, they may constitute an additional class of epigenomic regulatory loci in the human genome.
Inspired by the distinct functional enrichment and genomic features of hypomethylated genes, we sought to understand why these genes escape genomic DNA methylation. We tested the existing data to determine if hypomethylated genes tend to be predominantly non-polyadenylated genes and found that even though those genes are enriched in hypomethylated genes (mostly histone genes), the majority of hypomethylated genes are adenylated. Interestingly, we found ample evidence of transcription within the hypomethylated gene bodies, which contrasts with the hypothesis that DNA methylation encodes signals of alternative transcription. Rather, the abundance of transcripts in hypomethylated gene bodies is consistent with the idea that Figure 5 . Probabilities of enrichment or depletion of hypomethylated genes in the respective phylostrata (evolutionary origins). Log-odds ratios show the deviation of hypomethylated genes from the expected frequency based on whole set of human genes. (*P < 0.05; **P < 0.01; ***P < 0.001, two-tailed hypergeometric test corrected for multiple comparison by FDR). The number of total human genes at each evolutionary age category is also shown.
DNA methylation suppresses transcription initiation within gene bodies (12, 46) . Furthermore, we found strong enrichment of several histone modifications, namely, H3K4me1, H3K4me3 and H3K27ac, in hypomethylated gene bodies compared to the rest of the genome. Given that these modifications often associate with promoters and enhancers, these results indicate that hypomethylated genes may perform regulatory functions.
These observations are all in line with the currently unappreciated complex regulatory role of DNA methylation at gene bodies (e.g. 61) . It is particularly interesting that hypomethylated genes are highly enriched in H3K27ac, which is a robust marker of enhancers (62) . We thus propose that hypomethylated genes may function as global (in the case of constitutively hypomethylated genes) or tissue-specific regulators (in the case of tissue-specific hypomethylated genes).
Hypomethylated genes are found widely across a deep phylogeny spanning humans to archaea. However, human hypomethylated genes have not necessarily maintained hypomethylation during evolution. Instead, the current human hypomethylated gene repertoire has been continuously shaped by the addition of distinctive functional categories of genes throughout evolution. Furthermore, we show that genes hypomethylated in normal tissues are highly prone to cancer-associated hypomethylation and somatic mutations, irrespective of their tissue origins. Although the implications of cancer-associated hypomethylation of specific promoters (such as those of oncogenes) are well-recognized (4, 17, 63, 64) , the impact of cancer-associated gene body hypomethylation is less clear. Our results suggest that in addition to potential impact on expression, cancer hypomethylation of specific gene bodies may have far reaching consequences, as they disrupt unique epigenetic regulatory elements of the human genome. In conclusion, our results support gene body methylation as a plausible therapeutic target in cancer (20) .
